The magnetocaloric properties of melt-spun ribbons of the Laves phase DyNi 2 have been investigated. The as-quenched ribbons crystallize in a single-phase MgCu 2 -type crystal structure (C15; space group Fd 3m) exhibiting a saturation magnetization and Curie temperature of M S ¼ 157 6 2 A m 2 kg À1 and T C ¼ 21.5 6 1 K, respectively. For a magnetic field change of 2 T, ribbons show a maximum value of the isothermal magnetic entropy change jDS M peak j ¼ 13.5 J kg À1 K
À1
, and a refrigerant capacity RC ¼ 209 J kg
. Both values are superior to those found for bulk polycrystalline DyNi 2 alloys (25% and 49%, respectively). In particular, the RC is comparable or larger than that reported for other potential magnetic refrigerants operating at low temperatures, making DyNi 2 ribbons promising materials for use in low-temperature magnetic refrigeration applications. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4824073] Over the last two decades, the magnetocaloric (MC) properties of Laves phases have been extensively investigated. As a result, some compounds in the RCo 2 , RAl 2 , and RNi 2 systems (R ¼ rare earth) have been referred to as promising magnetic refrigerants in the 10-80 K temperature range. 1, 2 In particular, RNi 2 with R ¼ Tb, Dy, or Er and related compounds have been proposed as suitable components to design a low-temperature magnetocaloric composite with a "table-like" temperature dependence of the isothermal magnetic entropy change DS M (T). [2] [3] [4] Such a table-like shape of DS M (T) is an essential requisite for an ideal Ericsson-like refrigeration cycle. 5 Therefore, the development of MC multiphase materials or composites with improved refrigerant capacity, RC, compared to the individual components is currently a hot topic in the field of magnetic refrigeration in different temperature ranges. [6] [7] [8] [9] Early theoretical calculations of the MC properties performed on the DyNi 2 compound, which were based on a Hamiltonian that considered the exchange magnetic interactions in the molecular field approximation and the crystalline electrical-field anisotropy, predicted a large maximum magnetic entropy change
) under magnetic field changes l o DH of 5 T and 2 T, respectively. These values were close to those found for bulk alloys (À5.9 and À3.8 J mol À1 K
, respectively). 10 Recently, a theoretical model including both crystal-field and exchange interactions that considers the effect of magnetic fluctuations has been reported, which satisfactorily accounts for the experimental DS M (T) curve of DyNi 2 .
11
The intermetallic compound DyNi 2 is a cubic Laves phase that crystallizes either in a MgCu 2 -type crystal structure (C15, space group Fd 3m), [12] [13] [14] [15] or in a superstructure of C15 (space group F 43m) with a doubled a-axis compared to the former. [16] [17] [18] In this compound, only the Dy þ3 ions possess a magnetic moment, 12 being a ferromagnet with a Curie temperature, T C ¼ 21.5 K, 10, 18, 19 and the easy magnetization axis along the [100] direction. 20 Until now, the DyNi 2 compound has been prepared using conventional melting techniques (arc or RF melting) followed by long-term annealing (from several days to a month) at temperatures between 723 and 1073 K. 12, 15, 18 Rapid solidification using the melt spinning technique has been effectively applied to produce different crystalline magnetocaloric materials, such as LaFe 13Àx Si x , 21 25 and Ni-Mn-X Heusler alloys (X ¼ Sn, In, Ga), [26] [27] [28] In all of the above-mentioned cases, a single phase was found in the as-quenched alloy ribbons, or after a much shortened annealing compared to their bulk counterparts. Hence, the aim of the present investigation has been to study the phase constitution and MC behavior of DyNi 2 as-quenched (aq) ribbons; the results are compared with those obtained for bulk samples produced by conventional alloying techniques.
Bulk alloys of nominal composition DyNi 2 were produced by arc melting from pure elements (Dy 99.9% and Ni 99.99% purity) under a controlled Ar atmosphere. Samples were melted several times to ensure an adequate starting homogeneity. Polycrystalline alloy ribbons (thickness of %18-22 lm) were fabricated using a homemade melt spinning system operating in an Ar environment at a copper wheel speed of 25 ms
À1
. X-ray diffraction (XRD) patterns of finely powdered samples were collected with a Bruker AXS model D8 Advance X-ray powder diffractometer using Cu-Ka radiation (k ¼ 1.5418 Å ). The scan was carried out in the interval of 20 s per step. Microstructure and elemental composition were determined with a FEI/Philips XL30 FEG ESEM equipped with an energy dispersive spectroscopy (EDS) system. Magnetic measurements were performed by vibrating sample magnetometry in a Quantum Design PPMSV R EverCoolV R -9T platform, in which the magnetic field l o H was applied along the ribbon axis (i.e., the rolling direction) to minimize the effect of the demagnetizing field. The low-field (5 mT) magnetization curve as a function of temperature M(T) was measured between 2 and 40 K in order to estimate the value of T C . In addition, the high-field M(T) curve was measured under l o H ¼ 5 T. A set of isothermal magnetization curves, M(l o H), was collected every 1.5 K from 6.5 K to 54 K up to a maximum applied magnetic field of 5 T. At each temperature, the magnetization under a large number of selected magnetic field values was measured to improve the accuracy in the calculation of the isothermal magnetic entropy change, DS M . The value of DS M at each temperature T, due to a change of the applied magnetic field from l o H ¼ 0 to l o H max , was calculated using the Maxwell relation
In order to estimate the RC values from the DS M (T) curves, three different methods are conventionally used: (a) by finding the product jDS M peak j Â dT FWHM (hereafter referred to as RC-1), 5 where dT FWHM ¼ T hot À T cold is the temperature range that corresponds to the full width at half maximum of the DS M (T) curve (here, dT FWHM coincides with the temperature span of the thermodynamic cycle); (b) by calculating the integral, under the DS M (T) curves between T hot and T cold (hereafter referred to as RC-2); 29 and (c) by maximizing the product DS M Â dT below the DS M (T) curve (referred to as RC-3).
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The magnetocaloric effect of bulk polycrystalline DyNi 2 has been calculated from heat capacity measured as a function of temperature under applied magnetic field values of 0, 2, and 5 T using a semi-adiabatic heat pulse calorimeter 31 as described in Ref. 32 . The sample for these measurements has been prepared by arc-melting of stoichiometric amounts of Dy (better than 99.8 at. % pure with respect to all elements in the periodic table (Materials Preparation Center of Ames Laboratory, https://www.ameslab.gov/mpc) and Ni (99.99% pure).
The room temperature XRD pattern of the as-quenched ribbons is depicted in Figure 1(a) . All of the observed diffraction peaks can be satisfactorily indexed as the Bragg reflections corresponding to the MgCu 2 -type crystal structure of the Laves phase (C15, space group Fd 3m), with a refined 2013) lattice parameter a ¼ 7.162 Å 6 0.001 Å , which is similar to those reported for bulk alloys. [13] [14] [15] The inset of Figure 1 (a) shows a typical SEM micrograph of the ribbon's fracture microstructure. The image reveals micron-size columnar grains with a tendency to grow along the entire ribbon thickness, with the longer axis perpendicular to the ribbon plane. EDS analyses performed on the cross section and both ribbon surfaces for different ribbon flakes indicate that the chemical composition is consistent (with an uncertainty of $0.1% wt.) with that of the starting bulk alloy (%1:2, Dy:Ni). Figure 2(a) shows the DS M (T) curves for DyNi 2 ribbons for magnetic field changes ranging from 1 to 5 T, while the dependence of jDS M peak j on (l o H) 2/3 is given in the inset. The latter is consistent with the description given in Ref. 33 for MC materials with second-order magnetic phase transitions. In addition, we compare the DS M (T) curves (l o DH ¼ 2 and 5 T) for both the as-quenched ribbon and the bulk alloy (see Table I for a summary of the MC data). For l o DH ¼ 2 T, the as-quenched ribbons exhibit a high value for the maximum magnetic entropy change jDS M peak j ¼ 13.5 J kg À1 K À1 at 21.5 K, as well as a full width at half maximum for the jDS M (T)j curve of dT FMHW ¼ 16 K (between 13 and 29 K). It is important to note that jDS M peak j is 25% higher than the value attained for the bulk polycrystalline sample, for which 34 On the other hand, the X-ray pattern [see Fig. 1(a) ] provides evidence that the ribbons are clearly textured, thus it seems likely that the special MC properties of DyNi 2 ribbons could be related to a combination of texture effects (extrinsic feature) and anisotropic MCE response (intrinsic feature). In order to get a qualitative verification of such an assertion, we pulverized some pieces of the as-quenched ribbon to measure the MC response as well as the powder diffraction pattern. It can be observed in Fig. 1(a) that the relative intensity of some reflections changes markedly between the as-quenched ribbon and the TABLE I. Maximum value of the magnetic entropy change jDS M peak j, refrigerant capacities RC-1, RC-2, and RC-3, and related temperature parameters for magnetic field changes of 2 T and 5 T for as-quenched ribbons, and bulk polycrystalline samples, of the intermetallic compound DyNi 2 . For the sake of comparison, the magnetocaloric properties of the intermetallic compound Er 2 Ni 3 are also listed (see Ref. 35) ; this material shows the same working temperature range than the one shown by the aq DyNi 2 alloy ribbons.
As-quenched ribbons
Bulk polycrystalline alloys 
Estimated value from the DS M (T) curve reported. 2013) powdered ribbon. Moreover, if we look at Fig. 2(b) , it is clearly perceived that the value of the jDS M peak j of the powdered sample is reduced with respect to that of the as-quenched ribbon, being around 10% higher than that measured in the bulk alloy. These findings indicate that at least part of the texture effects induced during the melt-spinning fabrication process have been released upon mechanical pulverization. Furthermore, it seems that the melt-spinning procedure favors the growth of most of the crystalline domains with their (100) planes aligned close to the rolling direction (as the inset of Fig. 2(b) shows the magnetization isotherms show a faster approach to saturation for the aq ribbons), thus enhancing the magnetic entropy change of about 25% with respect to the polycrystalline bulk alloy, where the crystalline domains are assumed to be randomly distributed. Figure 3 displays the magnetic-field dependence of the refrigerant capacities RC-1, RC-2, and RC-3 for the asquenched ribbon up to l o DH max ¼ 5 T. It is worth noting that RC-2 for l o DH ¼ 2 T is increased by 49% with respect to the bulk sample (see Table I ), which arises from a combination of enlarged jDS M peak j and a broadening of the jDS M (T)j curve. Therefore, the values for the refrigerant capacity of DyNi 2 as-quenched ribbons are comparable or even larger than those already reported in different materials, with firstand second-order magnetic phase transitions, which have been referred to as promising magnetic refrigerants in the same temperature range. For the sake of comparison, their transition temperature T trans , together with the values of jDS M peak j, RC-1, and dT FWHM under a magnetic field change of 2 T and 5 T are compared with those of DyNi 2 aq-ribbons in Table II . In Table I , we also list the magnetocaloric properties of the intermetallic compound Er 2 Ni 3 35 since it shows the same working temperature range than the one exhibited by aq DyNi 2 alloy ribbons.
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Regarding RC for a specific material, an important consideration is the existence of hysteresis losses due to the irreversible behavior of the field dependence of magnetization within the operating temperature range dT FWHM (particularly in the ferromagnetic region), since they result in heat release reducing its effective refrigerant capacity (for a certain temperature, the hysteresis loss is given by the area enclosed between the magnetization curve measured under increasing-decreasing magnetic field).
The M(l o H) curves measured for DyNi 2 ribbons from 12.5 to 29 K are shown in the upper left inset of Figure 3 . As can be observed, they are almost reversible. In the right inset of Figure 3 , the low-field region of the M(l o H) curve measured under increasing-decreasing magnetic field at T ¼ 12.5 K (i.e., at T cold ) has been plotted. An irreversible behavior is observed for l o DH < 0.15 T, which gives rise to a negligible hysteresis loss smaller than $1 J kg
À1
. In summary, single-phase alloy ribbons of the Laves phase DyNi 2 with the MgCu 2 -type crystal structure have been obtained by means of a one-step melt spinning solidification technique. The samples exhibit a large and almost reversible magnetocaloric effect with a largely enhanced refrigerant capacity well above the one found in bulk polycrystalline alloy, owing to the texture induced in the ribbon during fabrication. Moreover, the magnitudes for the peak value of the magnetic entropy change and the refrigerant capacity of the DyNi 2 ribbons are among the larger values reported for materials with second-and first-order magnetic transitions at low temperatures. These findings make DyNi 2 alloy ribbons promising materials for low-temperature magnetic refrigeration and can boost the use of out-of-equilibrium fabrication procedures for improving the performance of the magnetocaloric materials already known. 
